INTRODUCTION
Radiation-induced pulmonary fibrosis is a dose-limiting side effect of thoracic radiation therapy due to its associated morbidity and mortality (1) . It is estimated that up to 20% of patients who receive radiation therapy for tumors in the thoracic region, including lung, lymph nodes and breast, will go on to develop pulmonary fibrosis (2, 3); however, there are few effective therapies for pulmonary fibrosis. Therefore, it is crucial to identify novel therapeutic targets and develop new therapies to combat pulmonary fibrosis.
Pulmonary fibrosis is characterized by an accumulation of extracellular matrix (ECM) proteins that ultimately compromise the lung's ability to exchange oxygen. These ECM proteins are secreted by scar-forming myofibroblasts, which express markers of smooth muscle cells. Myofibroblasts arise from undifferentiated resident lung fibroblasts in response to profibrotic stimuli, including ionizing radiation, with lung fibroblasts differentiating into myofibroblasts and secreting extracellular matrix proteins that can contribute to fibrogenesis (4, 5) . Therefore, inhibiting radiation-induced myofibroblast differentiation may be an important therapeutic approach in the prevention of radiation-induced extracellular matrix accumulation and fibrosis.
Our laboratory has identified the enzyme lactate dehydrogenase-A (LDHA) as a potential therapeutic target for inhibiting fibroblast to myofibroblast differentiation and extracellular matrix secretion. We recently reported that LDHA expression is highly upregulated in lung tissue from patients with radiation-induced pulmonary fibrosis, and is upregulated in primary human lung fibroblast cultures after ionizing irradiation (4) . We also showed that lactate, the metabolic product of LDHA, is increased in patients with pulmonary fibrosis (6) and is secreted by lung fibroblasts in response to radiation, resulting in a reduction in extracellular pH in cell culture supernatants (4) . Importantly, we demonstrated that by reducing extracellular pH, lactate is a novel activator of the profibrotic cytokine transforming growth factor beta (TGF-b) through a pH-dependent mechanism (6) .
TGF-b is upregulated after exposure to radiation (7, 8) , and is both necessary and sufficient for the development of pulmonary fibrosis (9) (10) (11) . We have demonstrated that TGF-b induces expression of LDHA and lactate production in lung fibroblast cultures. Thus, we proposed a profibrotic feed-forward loop in which radiation upregulates LDHA, leading to increased lactate secretion, acidification of the extracellular space and ultimately activation of TGF-b to drive fibrosis.
In support of our hypothesized profibrotic feed-forward loop, we have previously demonstrated that genetic silencing or pharmacologic inhibition with the LDHA inhibitor gossypol in vitro can inhibit radiation-induced LDHA expression, lactate secretion, extracellular acidification and TGF-b activation in lung fibroblasts (4) . Thus, in the current study, we examined whether inhibition of LDHA could inhibit radiation-induced pulmonary fibrosis in vivo. Our results demonstrate that the LDHA inhibitor gossypol is highly effective at inhibiting radiation-induced collagen accumulation and fibrosis, supporting the idea that LDHA is a potential therapeutic target for radiation-induced pulmonary fibrosis.
MATERIALS AND METHODS

Mice and Irradiations
All animal experiments were performed under supervision of the University of Rochester Committee on Animal Research. Male C57BL/6J 6-8-week-old mice were obtained from Jackson Laboratory (Bar Harbor, ME) and were housed five mice per cage. Mice were irradiated using a cesium-137 ( 137 Cs) gamma-radiation source at approximately 154 cGy/min to achieve 5 Gy total-body irradiation plus 10 Gy thoracic irradiation. This protocol has been proposed as a model of accidental exposure (12) . Thoracic irradiation was performed using a lead-shielded slit-beam collimator while animals were restrained in plastic jigs to shield the head, abdomen and limbs. Mice were sacrificed at week 26 postirradiation and lung tissue was collected. Ten mice were used per experimental group. No mortality from the radiation exposure was observed.
Gossypol Treatment
Gossypol (Sigma-Aldricht LLC, St. Louis, MO) was administered by daily subcutaneous (s.c.) injection to mice starting at week 4 postirradiation at a dose of 5 mg/kg in 30 ll volume. Gossypol was prepared on a weekly basis in a solution of 60% dimethyl sulfoxide (DMSO)/40% phosphate buffered saline (PBS). Vehicle-treated animals were s.c. injected with equal volume per weight of 60% DMSO/40% PBS.
Hydroxyproline Assay
Hydroxyproline content was measured in right upper and lower lung lobes using a modified Woessner method as previously described (13) . Lung tissue was homogenized in water and hydrolyzed overnight in 6 N HCl at 1108C. Samples were neutralized with NaOH, chloramine T reagent was added for 20 min, followed by inactivation with 3.15 N perchloric acid. Ehrlich's solution was added, and samples were incubated for 20 min at 608C. Absorbance was measured at 560 nm and a standard curve using purified hydroxyproline (Sigma-Aldrich) was used to extrapolate hydroxyproline content.
Lung Tissue Histologic Staining
The left lung lobe was inflated and fixed with formalin. Staining was performed on 5-lm-thick tissue sections. Trichrome staining for collagen fibers was performed as previously described elsewhere using Gomori Trichrome reagent (Richard-Allan Scientifice/Thermo Scientifice, Pittsburgh, PA) (13) . Immunohistochemistry was performed as previously described using antibodies to active TGF-b (R&D Systemse, Minneapolis, MN) and HIF-1a (Novus Biologicals LLC, Littleton, CO). Staining for HIF-1a was performed using the manufacturers' guidelines. For the active TGF-b stain, tissue sections were quenched with 3% H 2 O 2 in methanol for 6 min, followed by blocking with 5% normal goat serum in 0.05% Tween in PBS (PBST). Primary antibody was prepared at a 1:100 dilution in 1% normal goat serum in PBST. To verify specificity for active and not latent TGF-b, active TGF-b antibody was preincubated with human recombinant TGF-b at a ratio of 5:1 TGF-b to antibody for 30 min prior to adding to slides. Primary antibody was incubated overnight, followed by washing and addition of a biotinylated secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) for 1 h. Streptavidin-HRP (Jackson ImmunoResearch) was added to slides for 15 min, followed by developing with NovaREDe (Vectort Laboratories, Burlingame, CA). Slides were counterstained with hematoxylin (Biocare Medical, Concord, CA) and mounted.
Percentage Fibrosis Quantification
For irradiated mice (with or without gossypol), up to six step sections were made into the paraffin blocks at 150 lm intervals, and all step levels were trichrome stained and examined by microscopy. All slides were then digitized with a whole-slide scanner (Olympus VS110e; Olympust America Inc., Melville, NY) and evaluated using cellSens Standard software version 1.15 (Olympus Soft Imaging Solutions, Munster, Germany). Briefly, total lung area was calculated by manually drawing regions of interest (ROIs) around the perimeter of each section of lung. Lesional area was next determined by manually drawing ROIs around lesions. For each mouse, total lesional area was calculated as a percentage of total lung area available for examination. ROIs were drawn by a pathologist who was blinded to the experimental conditions.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was isolated from mouse right middle lung lobes using TRIzolt reagent (Invitrogene, Carlsbad, CA). Reverse transcription was performed using iScripte cDNA synthesis kit (Bio-Radt Laboratories Inc., Hercules, CA). Real-time polymerase chain reaction was performed using SsoAdvancede SYBRt Green (Bio-Rad). The following primer sequences were used: 18S: F:GCTTGCTCGCGCTT CCTTACCT R:TCACTGTACCGGCCGTGCGTA, Col1a1 F:CTGC TGGCAAAGATGGAG R:ACCAGGAAGACCCTGGAATC, Col3a1 F:AAATGGCATCCCAGGAG R:ATCTCGGCCAGGTTCTC, Fn1 F:TGCACGATGATATGGAGAGC R:TGGGTGTCACCTG ACTGAAC, TGF-b F:ATGTCACGGTTAGGGGCTC R:GGCT TGCATACTGTGCTGTATAG, HIF-1a F:GGGGAGGACGATG AACATCAA R:GGGTGGTTTCTTGTACCCACA, LDHA F:TGGC GACTCCAGTGTGCCTG R:AGGCACTGTCCACCTGCT.
Collagen Slot Blot
Right lung lobe homogenates were analyzed for native collagen using a slot blot manifold and immunodetection as previously described (14) . Briefly, equal amounts of protein were applied to a PVDF membrane using a vacuum manifold (Amersham Biosciences, Piscataway, NJ). Membranes were probed with an antibody to collagen 1 (Santa Cruz Biotechnologyt Inc., Dallas, TX) and a rabbit anti-goat secondary antibody (Jackson ImmunoResearch).
Western Blots
Western blots using right lung lobe homogenates were performed as previously described (15) . PVDF membranes were probed using the following antibodies: fibronectin (Sigma-Aldrich) and b-tubulin (Abcamt, Cambridge, MA) and a goat anti-rabbit secondary antibody (Jackson ImmunoResearch). Densitometry was performed as previously described (15) .
Statistical Analyses
All data are expressed as mean 6 standard error. For the percentage fibrosis analysis, a nonparametric one-way analysis of variance (ANOVA) with a Dunn's post test was used to establish statistical significance. For all other analyses, t test and ANOVA with Tukey post test were used to establish statistical significance using GraphPad Prism (GraphPad Software Inc., LaJolla, CA). Results were considered statistically significant at P , 0.05.
RESULTS
Gossypol Inhibits Radiation-Induced Pulmonary Fibrosis
We have previously reported elevated LDHA mRNA and protein expression in radiation-induced pulmonary fibrosis in humans and mice (4) . To test the hypothesis that inhibiting LDHA activity will inhibit radiationinduced pulmonary fibrosis, mice were irradiated to induce fibrosis, then the LDHA inhibitor gossypol was administered to C57CL/6J mice starting at week 4 postirradiation and continuing until the day before sacrifice at week 26 postirradiation (Fig. 1A) . The mice were sacrificed and the right lung lobes were removed and analyzed for collagen content by hydroxyproline assay. Gossypol alone does not cause lung injury or change expression of lung matrix proteins (data not shown). Radiation exposure resulted in a significant increase in hydroxyproline content (Fig. 1B) . Gossypol significantly reduced hydroxyproline content to that consistent with control levels (Fig. 1B) . Similarly, significant increases in collagen staining were observed in irradiated animals, as visualized with trichrome stain, compared to nonirradiated controls (Fig. 1C) . However, gossypol-treated mice had little to no collagen staining and healthy lung architecture (Fig. 1C) . To further quantitate the extent of fibrosis, we calculated the percentage area of fibrosis on trichrome-stained lung sections for each mouse. We sectioned through paraffin blocks, taking 5 lm sections every 150 lm, and ROIs were drawn around the entire lung section and the area of fibrotic lesions from the trichrome stain (Fig. 1D) . No fibrosis was found in the nonirradiated, vehicle-treated mice, as expected. Irradiated and vehicle-treated mice showed areas of fibrosis that together averaged a 2% fibrosis area, which is consistent with the published literature on radiation-induced pulmonary fibrosis (9) . Remarkably, we found no fibrosis at any level in any mice that were irradiated and received gossypol (Fig. 1D) . Together, these results indicate that gossypol inhibited radiation-induced pulmonary fibrosis.
Effects of Gossypol on Extracellular Matrix
Pulmonary fibrosis is characterized by an accumulation of extracellular matrix proteins. To examine whether gossypol prevented increases in extracellular matrix, we measured collagen and fibronectin mRNA levels in lung tissue by qRT-PCR. Irradiated vehicle-treated mice had increased levels of collagen 1, 3 and fibronectin mRNA expression levels compared to nonirradiated controls ( Fig. 2A-C) . In contrast, gossypol dampened radiationinduced increases in extracellular matrix mRNA ( Fig.  2A-C) . Collagen 1 mRNA levels were significantly reduced compared to that of vehicle-treated animals ( Fig.  2A) , while collagen 3 (Fig. 2B ) and fibronectin mRNA levels (Fig. 2C) were also reduced, but not to statistically significant levels (P ¼ 0.11 and P ¼ 0.066, respectively).
To determine if gossypol affected collagen protein expression, native collagen was examined using a slot blot and immunodetection. Compared to nonirradiated mice, the irradiated mice exhibited more intense bands for native collagen (Fig. 2D) . However, only a few mice that were irradiated and treated with gossypol showed bands for collagen 1 (Fig. 2D) . These data are consistent with our trichrome staining in Fig. 1 . We also examined fibronectin protein expression by Western blot in right lung lobe homogenates. We observed very little expression for fibronectin in nonirradiated mice ( Fig. 2E and F) . Radiation increased fibronectin protein expression in some, but not all vehicle-treated mice ( Fig. 2E and F) . However, in irradiated vehicle-treated mice, there was visibly dampened expression of fibronectin. These data suggest that gossypol dampens expression of profibrotic extracellular matrix genes and protein.
Gossypol Inhibits Radiation-Induced TGF-b Expression and Activation
We previously demonstrated that lactate can activate latent TGF-b in a pH-dependent mechanism (6), and that gossypol inhibits radiation-induced increases in TGF-b bioactivity in primary human lung fibroblast cultures (4). To evaluate whether gossypol inhibits radiation-induced TGF-b expression in lung tissue, we measured levels of total TGF-b mRNA in lung homogenates. The irradiated mice had increased TGF-b mRNA expression compared to nonirradiated controls (Fig. 3A) . However, irradiated mice treated with gossypol had decreased expression of TGF-b mRNA compared to vehicle-treated mice, which approached statistical significance (P ¼ 0.065). Next, to differentiate between total and biologically active TGF-b expression in the lung, we stained lung tissue for active TGF-b using an antibody that detects the active TGF-b peptide. In nonirradiated mice, very little active TGF-b was detected in the lung, with only faint staining in the airways (Fig. 3B) . Irradiated mice had large areas of diffuse staining for active TGF-b in areas of interstitial fibrosis, in alveolar macrophages and within alveolar septa (Fig. 3B) . However, there was significantly reduced active TGF-b staining in irradiated mice treated with gossypol, which was localized mainly to the alveolar septa (Fig. 3B) . To ensure that the TGF-b antibody was specific for the active, and not latent TGF-b, irradiated lung used in Fig.   4C was stained with antibody after a 30-min neutralization with human recombinant TGF-b prior to incubation on the slides. After neutralization, no positive staining was detected (Fig. 3B) , suggesting that the antibody was properly neutralized and is specific for active and not latent TGF-b. Cs gamma radiation source and were treated with 5 mg/kg/day gossypol or vehicle beginning at week 4 postirradiation until week 26 postirradiation when lung tissue was harvested. Panel B: The right lung was analyzed for collagen content by hydroxyproline assay. Panel C: The left lung was formalin fixed, paraffin embedded and stained for collagen fibers using Gomori Trichrome. One representative mouse is shown from each treatment group. Images were taken at 103 and 203 magnification, and scale bars represent 100 lm. Panel D: Percentage fibrosis area was determined by drawing regions of interest (ROIs) around entire lung sections, and regions of fibrosis. One representative mouse section is shown; total lung section area is outlined in black, fibrotic lesions are outlined in blue. Total and fibrotic area were quantified as described in Materials and Methods. Data are shown as mean 6 SEM for 5-6 sections per mouse and n ¼ 7-10 mice per group. *P 0.05 compared to nonirradiated vehicletreated controls; # P 0.05 compared to irradiated vehicle-treated mice (ANOVA).
Gossypol Disrupts the HIF-1a/LDHA Axis
HIF-1a is a transcription factor that has been shown to be activated after lung irradiation, and plays an important role in the development of fibrosis (16) (17) (18) . HIF-1a is active during hypoxic conditions, and regulates LDHA at the transcriptional level (19) . Therefore, we examined whether inhibition of LDHA with gossypol might be influencing the HIF-1a/LDHA axis. An upregulation of LDHA mRNA was observed in irradiated mice compared to nonirradiated controls (Fig. 4A) . Gossypol treatment resulted in a significant decrease in LDHA mRNA compared to vehicle-treated mice (Fig. 4A) . We also observed a significant increase in HIF-1a mRNA in irradiated mice (Fig. 4B) . Gossypol significantly dampened radiationinduced HIF-1a mRNA levels (Fig. 4B) . These data suggest that gossypol can disrupt expression of the transcription factor HIF-1a that regulates LDHA. In support of our mRNA data, immunostaining for HIF-1a in lung tissue from irradiated mice (Fig. 4C) was increased compared to nonirradiated controls (Fig. 4C) , but was significantly reduced in lung tissue of irradiated mice treated with gossypol (Fig. 4C) .
DISCUSSION
Radiation-induced lung injury is characterized by an acute pneumonitic phase occurring weeks to months postirradiation, followed by a delayed and chronic fibrotic phase occurring months to years later (3, 20) . The pathogenic mechanisms involved in the late fibrotic phase are not fully understood, and few therapeutic options are available for patients. We have previously demonstrated that the enzyme LDHA and its metabolic product lactate are upregulated in human lung fibroblast cultures in response to irradiation in vitro and that inhibiting LDHA inhibits myofibroblast differentiation (4). In the current mouse model study, we demonstrated that gossypol, an LDHA activity inhibitor, inhibits radiation-induced pulmonary fibrosis in vivo, suggesting that inhibition of LDHA may be a novel therapy for radiation-induced pulmonary fibrosis. Gossypol was effective at inhibiting fibrotic lesions in the lung (Fig. 1) , as well as major hallmarks of radiation-induced pulmonary fibrosis, including collagen accumulation (Fig. 1) , extracellular matrix generation (Fig. 2) and TGF-b activation (Fig. 3) .
We observed that 5 Gy total-body irradiation plus 10 Gy thoracic irradiation resulted in an average of 2% fibrosis area, 
GOSSYPOL INHIBITS RADIATION-INDUCED PULMONARY FIBROSIS
based on quantification on the left lung lobe histology sections (Fig. 1) . Compared to the finding in the literature, Puthawala et al. reported between 2 and 8% fibrosis in their studies using 14 Gy thoracic irradiation and 40-60% survival at 26 weeks (9) . In contrast, we observed 100% survival at 26 weeks (data not shown). While the induction of fibrotic outcomes was mild, our study design allowed for reduced mortality while still modeling clinical presentation of fibrosis in humans. To ensure that we thoroughly examined lung tissue for evidence of fibrosis, we sectioned through the entire left lung, taking sections every 150 lm. In doing so, we observed fibrotic areas in irradiated, vehicle-treated mice, but no evidence of fibrosis in any irradiated, gossypol-treated mice. Therefore, we conclude that gossypol inhibited radiation-induced pulmonary fibrosis.
Gossypol is a potent LDHA inhibitor derived from cottonseed oil (21) . It has been shown to have anticancer properties, including inhibitory effects on tumor growth in colorectal, mammary, breast, colon and melanoma cells (22) (23) (24) . To our knowledge, only one other study has demonstrated antifibrotic potential of gossypol in vivo. In their published study, Chen et al. found that gossypol inhibited extracellular matrix generation and mRNA expression, and a-SMA expression in a model of liver fibrosis induced by a high fat diet (25) . These data support our findings that gossypol has antifibrotic effects by inhibiting extracellular matrix formation ( Figs. 1 and 2) .
Based on our data, we propose a profibrotic feed-forward loop by which LDHA activity promotes fibrogenesis by activating latent TGF-b. Increased HIF-1a and LDHA activity after irradiation leads to increased production of lactate, which can acidify the extracellular space (4) . Acidification leads to activation of latent TGF-b, a potent profibrotic cytokine (6) . TGF-b then upregulates HIF-1a and LDHA, to perpetuate the cycle (6) . In our study, we found increased HIF-1a and LDHA mRNA expression in irradiated lung tissue, but these increases were significantly suppressed in gossypol-treated mice (Fig. 4) . These findings support our model; gossypol's mode of action is to inhibit LDHA enzymatic activity, thus inhibiting perpetuation of the feed-forward loop, leading to decreased HIF-1a and LDHA at the transcriptional level.
The transcription factor HIF-1a regulates cellular metabolism by transcriptionally regulating glycolytic enzymes such as LDHA, which are classically activated during hypoxia (19, 26) . Although it has been well documented that HIF-1a is activated in radiation-induced pulmonary fibrosis (16, 27) , much focus has been directed on understanding HIF-1a and its associated oxidative damage in lung tissue after irradiation (3). To our knowledge, there are no other published studies that examine whether downstream glycolytic signaling pathways related to HIF-1a are also affected in radiationinduced fibrosis. Further studies are needed to determine if HIF-1a is directly regulating LDHA in response to radiation.
Interestingly, there are many similarities between cancer biology and emerging fibrosis biology related to cellular metabolism and glycolysis. Both cancer cells and differentiated myofibroblasts are highly proliferative, highly migratory and are resistant to apoptosis (28) . Many of these phenotypes associated with cancer cells are dependent on a glycolytic phenotype (29) . It was recently reported that metabolic reprograming is also a hallmark of idiopathic pulmonary fibrosis (IPF) (6, 30) . Xie et al. reported that glycolytic reprograming was essential for TGF-b-induced myofibroblast differentiation (30) . They found that inhibiting glycolysis with the phosphofructokinase inhibitor 3PO inhibited myofibroblast differentiation and pulmonary fibrosis in bleomycin and TGF-b overexpression models of pulmonary fibrosis (30) . The new results here together with our previous findings suggest that glycolytic reprograming may also be a hallmark of radiation-induced pulmonary fibrosis (4), and indicate that targeting similar FIG. 4 . Gossypol disrupts the HIF-1a/LDHA axis. Mice were irradiated and vehicle or gossypol treated, described in Materials and Methods. Whole lung tissue LDHA and HIF-1a mRNA was quantified using RT-PCR. Data are expressed as fold change compared to nonirradiated controls normalized to 18S for LDHA (panel A) and HIF-1a (panel B). Data are displayed as mean 6 SEM for n ¼ 5-8 mice. *P 0.05 compared to nonirradiated vehicle-treated controls; # P 0.05 compared to irradiated vehicle-treated mice (ANOVA). Panel C: Lung tissue sections were stained with an antibody to HIF-1a (red) and counterstained with hematoxylin (blue) as described in Materials and Methods. One representative mouse is shown from each treatment group, plus an isotype-negative control stain. Images were taken at 203 and 403 magnification. Scale bars represent 100 lm at 203 and 50 lm at 403. pathways may provide additional potential therapies for IPF and radiation-induced pulmonary fibrosis through effects on glycolytic metabolism.
The profibrotic cytokine TGF-b plays an essential role in the development of pulmonary fibrosis and causes myofibroblast differentiation (31) . To elicit biological effects, TGF-b must be cleaved from a latency-associated peptide to become activated (32, 33) . We have previously demonstrated that lactate activates latent TGF-b in a pHdependent manner (6) . Therefore, inhibiting lactate production by targeting LDHA may be an effective strategy to inhibit TGF-b activation. Herein we demonstrate that gossypol inhibits both total production and activation of TGF-b in vivo after irradiation (Fig. 3) . This may be a major mechanism by which gossypol is antifibrotic.
While many studies have demonstrated that targeting TGF-b itself can inhibit pulmonary fibrosis (9, 34, 35) , direct neutralization of TGF-b presents many challenges and concerns. TGF-b is essential for wound healing and cell proliferation, and plays an important role in modulating immune responses (36) . Therefore, inhibiting TGF-b directly may have too many negative side effects. However, interfering with upstream mechanisms that simply promote ongoing activation of TGF-b during fibrogenesis may prove to have fewer undesired effects. Gossypol does not directly target TGF-b, but instead our data suggests that it may be decreasing TGF-b activation by interrupting the profibrotic feed-forward loop exerted by LDHA and lactate.
Our findings have clinical relevance considering the delay of administration of gossypol (4 weeks postirradiation) and suggests its utility as a countermeasure in the event of accidental or clinical exposure. Furthermore, given the degree of effectiveness of gossypol in this study, it is possible that delaying treatment, such as past the onset of the pneumonitic phase (around 8 weeks), could also prove to be successful at preventing fibrosis; we plan to test this hypothesis in future studies. To this end, we may also perform future studies to test the effect of gossypol side-byside with other drugs that can mitigate pulmonary fibrosis, such as nintedanib and pirfenidone, two drugs recently approved by the FDA for treatment in idiopathic pulmonary fibrosis. Given that the lung is a dose-limiting organ for radiotherapy, prophylactic treatment with an antifibrotic agent such as gossypol potentially allows for higher radiation doses as part of thoracic cancer therapy, thereby increasing the probability of tumor eradication while sparing healthy lung tissue. Together, our results demonstrate that gossypol may be a novel therapeutic strategy for radiation-induced pulmonary fibrosis.
